Purpose: To determine putative alterations in the major lenticular proteins in Wistar rats of different ages and to compare these alterations with those occurring in rats with selenite-induced cataract. Methods: Lenticular transparency was determined by morphological examination using slit-lamp biomicroscopy. Alterations in lenticular protein were determined by sodium dodecyl sulfate-PAGE (SDS-PAGE) and confirmed immunologically by western blot. Results: Morphological examination did not reveal observable opacities in the lenses of the rats of different age groups; however, dense nuclear opacities were noted in lenses of rats in the selenite-cataract group. Western blot assays revealed age-related changes in soluble and urea-soluble lenticular proteins. Decreased αA-and βB1-crystallins in the soluble fraction and aggregation of αA-crystallin, in addition to the degraded fragment of βB1-crystallin, in the urea-soluble fraction appeared to occur in relation to increasing age of the rats from which the lenses were taken; similarly, cytoskeletal proteins appeared to decline with increasing age. The lenses from rats in the selenite-cataract group exhibited similar changes, except that there was also high molecular weight aggregation of αA-crystallin.
Over the last twenty years, the causes of blindness have changed in proportion and actual number. However, cataract has remained the major cause of blindness globally, particularly in Asia [1] . Cataract is a multifactorial disease associated with several risk factors such as aging, diabetes, exposure to sunlight, and hypertension; however, free radicalinduced oxidative stress is postulated to be, perhaps, the major factor leading to senile cataract formation [2] . Generation of reactive oxygen species (ROS), resulting in degradation, crosslinking, and aggregation of lens proteins, is regarded as an important factor in cataractogenesis [3] [4] [5] .
The mammalian lens consists mainly of proteins, which account for over 30% of its weight [6] . It is the architecture of the crystalline lattice that is ultimately responsible for lenticular transparency and for the proper focusing of light. The highly concentrated cellular proteins in mammalian lenses consist of two families of water-soluble lens crystallins, namely, α-crystallin and β/γ-crystallin [7] , that are uniformly distributed in transparent lenticular cells. Dense opacification results when the proteins form large insoluble aggregates that approach or exceed the dimensions of the wavelength of light and produce large fluctuations in the index of refraction that result in increased light scattering [3, 6, 8] .
Correspondence to: Dr. P. Geraldine, Department of Animal Science, School of Life Sciences, Bharathidasan University, Tiruchirappalli-620 024, Tamil Nadu, India; Phone: 91431-2407040; email: gerryarchup@yahoo.co.in Numerous changes in crystallin structure occur with age, mainly due to post-translational, non-enzymatic reactions [9] . Protein synthesis and turnover predominantly occur in the cortical region, and decrease with age in the nucleus. Previous experimental studies have shown the importance of cytoskeletal and membrane-associated proteins in the development and maintenance of the transparent structure of the cells of the lens [10] [11] [12] [13] [14] . Cytoskeletal proteins constitute 2%-4% of lenticular proteins, which include intermediate filaments, microfilaments, and microtubules [15, 16] . Although the major proteins of the cytoskeleton of the lens are actin and vimentin, the tissue is also known to contain several similar proteins including tubulin, ankyrin, α-actinin, spectrin, myosin, tropomyosin, and beaded filaments [15] [16] [17] . Typically, the concentration of cytoskeletal proteins in the lens decreases with age, particularly in the nucleus. Loss of these proteins, including vimentin and α-actinin, is accelerated in the human lens during the development of senile cataract [12, 18] . Therefore, studies of the protein patterns in the lens are of considerable importance with respect to an understanding of changes associated with aging and cataractogenesis.
Different animal models have been developed with a view to better understand the aging process and cataract formation [19] [20] [21] [22] . None of these models exactly matches what occurs in human cataractogenesis. However, the model of selenite-induced cataractogenesis has many features to recommend it, namely: the morphological and biochemical characteristics have been extensively investigated; this model shows several general similarities to human cataract; the selenite cataract is rapidly induced; it is a useful rodent model for rapid screening of potential anticataract agents [23] . The aim of the present study was to determine the occurrence of possible alterations in certain crucial lenticular proteins (αA-and βB1-crystallins, and cytoskeletal proteins) during the process of aging, and to compare these changes with those occurring in selenite cataracts in Wistar rats.
METHODS

Experimental animals:
Rats of the Wistar strain were used in this study. The rats were housed with parents in large spacious cages, and the parents were given food and water ad libitum. The animal room was well ventilated and had a regular 12:12 h light/dark cycle throughout the experimental period. These animals were used in accordance with institutional guidelines and with the Association for Research in Vision and Ophthalmology Statement for the Use of Animals in Research. Rats in the following age groups were randomly selected (5 animals in each age group): 10-day-old, 16-dayold, 30-day-old, 90-day-old, 180-day-old, 365-day-old rats. Sixteen-day-old rats with selenite-induced cataract were also studied. Selenite cataract: The cataractogenesis was induced by a single subcutaneous injection of sodium selenite (19 μmoles/ kg bodyweight) on postpartum day 10. Morphological observations: A slit-lamp biomicroscopic examination of each eye of 16-day-old and 365-day-old rats was performed to determine possible lenticular opacification (morphological assessment). Prior to performing the examination, mydriasis was achieved by using a topical ophthalmic solution containing tropicamide with phenylephrine (Maxdil Plus; Hi-Care Pharma, Chennai, India); one drop of the solution was instilled every 30 min for 2 h into each eye of each rat, with the animals being kept in a dark room, and, after 2 h, the eyes were viewed by the slitlamp biomicroscope at 12× magnification.
The animals were sacrificed by cervical dislocation; the eyes of the different age groups were collected and the lenses were removed. Each lens was then homogenized with 10 times its mass of 20 mM phosphate buffer containing 1 mM ethylene glycol-bis(2-aminoethylether)-N,N,N',N'-tetraacetic acid (EGTA; pH 7.2), and centrifuged at 14,000× g at 4 °C for 15 min. This process was repeated twice. The supernatant obtained was used for the determination of waster soluble protein (WS) while the pellet dissolved in 8 M urea was considered as urea-soluble (insoluble) protein. The protein concentration in each sample was estimated by the method of Bradford [24] . The estimated value of protein in each sample was used to calculate the ratio of urea-soluble to soluble protein. Both the fractions (soluble and urea-soluble) were aliquoted into portions and stored at −70 °C until analyzed by immunoblot.
Immunoblot: Immunoblot analysis was performed to determine the relative concentrations of the cytoplasmic proteins, αA-crystallin and βB1-crystallin, and of the cytoskeletal proteins, actin, vimentin, and spectrin, in samples of the various age groups. Proteins subjected to SDS-PAGE were electrophoretically transferred to a nitrocellulose (NC) sheet using a semidry blotting apparatus (Bio-Rad, Richmond, CA). Blotting was done at 25 V for 2 h. Blotted membranes were stained by Ponceau S solution to check for the efficiency of transfer; subsequently, blocking was done with 5% non-fat dry milk in Tris buffer saline (pH 7.5) with 0.1% (v/v) Tween-20 for 3 h. Antibodies (purchased from Sigma, St. Louis, MO) against αA-crystallin (1:1,000 dilution), βB1-crystallin (1:2,000 dilution), actin (1:100 dilution), vimentin (1:50 dilution) and spectrin (1:400 dilution) were used. Immunoreactivity was visualized with alkaline phosphatase conjugated to anti-mouse IgG or anti-rabbit IgG secondary antibodies and 5-bromo 4-chloro 3-indolyl phosphate/ nitroblue tetrazolium chloride (BCIP/NBT; Genei, Bangalore, India). To analyze the small changes observed in the intensity of the bands, densitometry was conducted on the scanned images of the membrane. The program Quantity One SW (Bio-Rad) was used for the analysis of intensity of bands in each lane of the membrane. Statistical analysis: Statistical analysis was performed with SPSS software (version 11.0) (SPSS Corporation, Chicago, IL). The results are expressed as the median (min-max), as the non-parametrical distribution requires nonparametrical analysis that compares medians instead of means. To test for correlations between two parameters, Spearman analysis was performed. P-values <0.05 were considered statistically significant.
RESULTS
Morphological
examination and protein ratio: Morphological examination revealed clear transparent lenses in both eyes in all 10-day-old and 365-day-old rats. However, a complete nuclear opacity was observed in the lenses of each eye in 16-day-old rats that had been administered selenite ( Figure 1 ). The ratio of urea-soluble to soluble lenticular protein was found to rise with increasing age from 0.027 (10-day-old rats) to 0.126 (365-day-old rats) and was found to be 0.127 in cataractous lenses (16-day-old, selenite-administered rats; Figure 2 ).
Immunoblot of αA-and βB1-crystallin:
The relative amounts of αA-and βB1-crystallin in the soluble and urea-soluble fractions were further examined by immunoblotting with specific antibodies. Immunoblot analysis revealed that there was a decrease of αA-crystallin in the soluble fraction with increasing age, and this decrease was also seen in lenses with selenite cataract (Figure 3 ). There was also an obvious decrease of αA-crystallin in the urea-soluble fraction with increasing age; however, the anti-αA-crystallin antibody appeared to detect appreciable amounts of polymeric species of αA-crystallin with increasing age; such polymeric species of αA-crystallin were not detected in the soluble fraction or in lenses with selenite cataract (Figure 4) . We also performed Spearman correlation analysis to examine whether intensity levels of αA-crystallin correlated well with the urea-soluble to soluble protein ratio. Figure 3C and Figure 4C demonstrate that there was a significant negative correlation (r=-0.890; Figure 1 . Appearance of lenses in different groups of Wistar rats. Morphological assessment of cataract formation in Wistar rat pups by the slit-lamp biomicroscope. Clear lens observed in 16 day-old rats (A) and 365 day-old rats (B), and dense opacification of the lens observed in 16 day-old, selenite-administered rats (C). Figure 2 . Effect of aging on the ratio of urea-soluble to soluble protein in lenses of rats of different age groups in comparison to rats with selenite cataractous lenses. The X-axis indicates the age in days and the Y-axis indicates the ratio of urea-soluble to soluble protein. 10 =10 day-old rat lenses; 16 = 16 day-old rat lenses; 30 = 30 day-old rat lenses; 90 = 90 day-old rat lenses; 180 = 180 day-old rat lenses; 365 = 365 day-old rat lenses; 16(se) = lenses of 16 day-old rats that had been administered selenite on post-partum day 10. The ratio of urea-soluble to soluble lenticular protein was found to rise with increasing age.
p<0.01 and r=-0.941; p<0.01) between the band intensity levels of αA-crystallin and urea-soluble to soluble protein ratio in soluble and urea-soluble protein fractions, respectively. Similarly, the relative amount of βB1-crystallin in the soluble fractions was also found to decrease with increasing age ( Figure 5 ). When the urea-soluble fraction was also examined for the presence of βB1-crystallin, decreased band intensity with a small fragmented band was observed in the lenses of aged rats, compared to the pattern in 10-day-old rats; in selenite-cataractous rat lenses, the fragment was seen at different places ( Figure 6 ). Spearman analysis of correlation was also performed to examine whether there was any correlation between the intensity of the band corresponding to βB1-crystallin and the ratio of urea-soluble to soluble proteins. Figure 5C and Figure 6C demonstrate that there was a significant negative correlation between the intensity of the band corresponding to βB1-crystallin and the ratio of ureasoluble to soluble proteins in both the soluble (r=-0.923; p<0.01) and urea-soluble (r=-0.877; p<0.01) fractions.
Immunoblot of cytoskeletal proteins:
To identify the high molecular weight cytoskeletal proteins which were altered with increasing age, and in selenite cataract lenses, western blot analyses were performed on the soluble and urea-soluble protein fractions of the lenses of all groups. But no differences were found in the soluble fraction for high molecular weight proteins, actin and vimentin, in all the measured groups ( Figure 7 ). In the urea-soluble fractions, the 42 kDa band reacted with anti-actin, the 57 kDa reacted with monoclonal anti-vimentin and the 235 kDa band reacted with polyclonal anti-spectrin ( Figure 8 ).
Quantitation of proteins was performed by densitometry. When compared to the values obtained in lenses of 10-dayold rats, a gradual decrease in the concentrations of these identified proteins was noted with increase in the ages of the test rats (10 days to 365 days) and this correlated with ureasoluble to soluble protein ratio for actin (r=-0.867, p<0.01), vimentin (r=-0.933, p<0.01) and spectrin (r=-0.922, p<0.01). Considering the levels of these proteins to be 100% on day 10, the levels of actin, vimentin and spectrin were found to be decreased to 53%, 51%, and 12%, respectively, in the lenses with selenite-induced cataract (Figure 8 ).
DISCUSSION
The proteins that constitute the innermost core of the nucleus of the lens may be older than the postnatal life of the animal. Due to minimal or no turnover, lenticular proteins are subjected to considerable post-translational modifications which, in turn, disrupt lenticular architecture and alter the optical properties, leading to formation of a senile cataract [9] . We sought to determine the extent of age-related alterations in lenticular proteins in Wistar rats, and to compare these with the changes occurring in selenite-induced cataractous lenses.
In the present study, the ratio of urea-soluble to soluble lenticular proteins was found to increase with increasing age of the animals from which the lenses were taken (Figure 2) , suggesting age-related increase in insolubilization of these proteins. Swamy and Abraham [25] observed that in rats, there was an increase in soluble proteins with age up to 20 months and a slow decrease in the later ages whereas urea-soluble proteins showed a continuous increase during the experimental period.
Age-related changes have been documented in the protein αA-crystallin, which is found abundantly in the lens; the molecular chaperone properties of this protein are believed to play a key role in maintaining transparency of the lens [26, 27] . Changes in the αA-crystallin molecule possibly influence the lenticular changes that occur during normal development and aging [9, [28] [29] [30] . With aging, αA-crystallin is believed to bind partially unfolded lenticular β-and γ-crystallins, thereby preventing their aggregation and precipitation and therein delaying lenticular opacification [31] . In the present investigation, an interesting observation made was the loss of αA-crystallin (20 kDa) in the soluble protein fraction and a gradual loss in the intensity of the band in the urea-soluble fraction with increasing age of the animals from which the lenses were taken (Figure 3 and Figure 4 ). Relative to αA-crystallin from 10 day-old rat lenses, anti-αA-crystallin antibody could detect an additional high molecular weight aggregate in the urea-soluble fraction (Figure 4 soluble to water-insoluble proteins in rabbit lenses [32] . Swamy and Abraham [25] showed that with increasing age, there was an increase of high molecular weight and insoluble proteins, with disappearance of γ-crystallins and sulfhydryl groups from the soluble fraction and an increase in the insoluble fraction and high molecular weight aggregates. Bindels et al. [33] proposed that in rodents, soluble highmolecular weight aggregates are formed by polymerization chiefly of α-crystallins.
Because of the possible function of βB1-crystallin in controlling the higher assembly of β-crystallins and the potential role of truncated versions of the protein in cataract formation [9] , the present study also included an evaluation of the state of βB1-crystallin. In the present investigation, there appeared to be a loss of βB1-crystallin (30 kDa) in both soluble and urea-soluble fractions of lenticular protein with increasing age of the rats ( Figure 5 and Figure 6 ). This finding is supported by previous studies that have shown that agerelated proteolytic processing of human lenticular β-crystallins occurs mainly at the NH2-terminal extensions [34] [35] [36] , and that the first crystallins modified are βB1-and βA1/A3-crystallin [34] [35] [36] [37] . Here again, the appearance of an additional faint band in the soluble fraction, and a new band of molecular weight less than 30 kDa in the urea-soluble fractions may have been due to the cleavage of NH2-terminal extensions of βB1-crystallin. The presence of various NH2-terminally truncated forms of βB1-crystallin in the lowermolecular-weight fractions, together with the extensive degradation (15-41 residues) of the NH2-terminally truncated forms of βB1-crystallin with age as shown by mass spectroscopy, strengthens the idea that the NH2-terminal extension of βB1-crystallin is also involved in higher-order assembly [38] .
Cytoskeletal proteins comprise 2%-4% of lenticular proteins and include actin, tubulin, vimentin, and spectrin. Cytoskeletal and membrane-associated proteins in the lens Figure 8 . Occurrence of high molecular weight proteins in lenticular urea-soluble protein fractions in different groups of Wistar rats. Detection of changes in high molecular weight insoluble protein by western blot analysis. Panels A, D, and G show immunoreactive bands of spectrin (240 kDa), vimentin (57 kDa), and α-actin (42 kDa), respectively. Box-plots show the band intensity of spectrin, vimentin, and α-actin, relative to the level in 10 day-old rat lenses (panels B, E, and H, respectively). Linear regression analysis revealed a significant negative correlation between the urea-soluble to soluble protein ratio and the levels of spectrin, vimentin, and alphaactin (panels C, F, and I, respectively). may have important functions in the development and maintenance of the transparent structure of the lens. In the present investigation, it was observed that with an increase in the ages of the rats from 10 days to 365 days, there was a 43% loss of vimentin, 68% loss of actin and 88% loss of spectrin in the lenses sampled. Immunoblot analysis did not reveal any variation in the relative quantity of actin and vimentin in the soluble fraction (Figure 7) . Interestingly none of the changes was associated with loss of lenticular transparency as assessed morphologically (Figure 1 ). It has previously been reported that the age-related loss of vimentin, tubulin, and other cytoskeletal proteins in the nucleus of the human lens is not a direct initiator of nuclear cataract, since the same changes are evident even in old, clear (non-opaque) lenses [39] [40] [41] [42] .
When we examined the profile of lenticular proteins in selenite-induced cataractous lenses from 16-day-old rat pups, we observed changes that were very similar to the age-related changes occurring in rats ranging from 16-days-old to 365-days-old ( Figure 2 ). There was an increase in the ratio of ureasoluble to soluble proteins ( Figure 2 ) and the formation of insoluble protein aggregates of high molecular weight ( Figure  2 ). Immunoblot analysis also revealed a decreased intensity of the 30 kDa βB1-crystallin in selenite-induced cataractous lenses (compared to 16-day-old [age-matched] lenses); such a decrease has been previously reported [43] [44] [45] . Immunoblot analysis also revealed a decrease of a αA-crystallin in the soluble fraction of lenses with selenite cataract (Figure 3) , although polymeric species of a αA-crystallin were not detected in these lenses (Figure 4) . With respect to cytoskeletal proteins, actin, vimentin, and spectrin were found to be decreased by as much as 50% to 88%, and proteins of molecular weight 42, 57, and 235 kDa were also markedly reduced. Matsushima et al. [45] also noted a similar reduction of these proteins to non-detectable levels in the nucleus and to 40% in the cortex of selenite cataracts. Loss of lenticular cytoskeletal proteins has been reported in oxidative stressinduced cataract models using buthionine sulfoxamine and selenite, with calcium activated proteolysis of calpain believed to be the major cause of the protein loss [45, 46] . Hyperbaric oxygen-induced opacification of guinea pig lenses has also been reported to result in loss of cytoskeletal proteins due to oxidative damage resulting in disulfide cross-linkage, leading to high molecular weight protein aggregation [47] ; loss of cytoskeletal protein due to high molecular weight protein aggregates have also been noted in human lenses [40, 41] .
Since similar changes occurred in the profile of lenticular proteins in rats of increasing age (up to 365 days) and in rats with selenite-induced cataract, the question arises as to why no lenticular opacification was noted in rats ranging in age from 10 days to 365 days, whereas dense nuclear opacification was only noted in rats that had been administered selenite. Possibly, an increased quantity of insoluble protein alone is not sufficient to cause lenticular opacification; it has been observed that some older, normal human lenses have a greater amount of water-insoluble protein than some younger, cataractous lenses [3] . Lenticular opacification also probably involves not simply quantitative, but also qualitative, changes related to the refractive index. Dense opacification results when the proteins form large insoluble aggregates that approach or exceed the dimensions of the wavelength of light and produce large fluctuations in the index of refraction that result in increased scattering of light [3, 6, 8] . In addition, there may be other, unique, factors that contribute to maintenance of transparency of the lens even when insolubilization of lenticular proteins has occurred. Elucidation of these factors may contribute to a better understanding of the mechanisms involved in cataractogenesis, and lead to improved methods of preventing or delaying the onset of cataract formation.
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